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Abstract
Two-dimensional quantum fields in electric and gravitational backgrounds can be described
by conformal field theories, and hence all the physical (covariant) quantities can be written
in terms of the corresponding holomorphic quantities. In this paper, we first derive relations
between covariant and holomorphic forms of higher-spin currents in these backgrounds, and
then, by using these relations, obtain higher-spin generalizations of the trace and gauge (or
gravitational) anomalies up to spin 4. These results are applied to derive higher-moments of
Hawking fluxes in black holes in a separate paper [15].
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1 Introduction
Hawking radiation is a universal quantum effect which arises in the background spacetime with
event horizons [1, 2]. Such universal behavior arises because fields in black hole backgrounds
can be reduced to an infinite set of two-dimensional conformal fields near the horizon. The
emergence of conformal symmetries near the horizon was first emphasized in [3] and used to
derive the Hawking radiation based on gauge or gravitational anomalies [4, 5]. The anomaly
method has been applied to rotating black holes [6, 7] and various others. Such conformal
structure near the horizon is also used to derive the higher-spin (HS) currents of Hawking
radiation [8, 9] by examining conformal transformation properties of these HS currents.
The above derivation of the HS fluxes is based on the fact that two-dimensional quantum
fields can be described by conformal field theories even in the presence of the electric and
gravitational backgrounds, and hence all the physical quantities are written in terms of the
conformal, i.e. holomorphic and anti-holomorphic, quantities. The HS currents used in [8, 9]
are the holomorphic currents. They are holomorphic functions and different from the (u · · · u)-
component of the ordinary covariant currents by some functions of the electric and gravitational
backgrounds. These differences are responsible for the conformal transformation properties
of the conformal currents. In the simplest case of the energy-momentum (EM) tensor in the
gravitational background, it is well-known that we can define the holomorphic EM tensor t(u)
from the original covariant EM tensor Tuu by
t(u) = Tuu − c
24π
(
∂2uϕ−
1
2
(∂uϕ)
2
)
, (1.1)
where c is the central charge and ϕ is the conformal factor of the gravitational background. This
relation gives the transformation property of t(u) under conformal transformations.
In this paper, we generalize this relation to all the HS currents in electric and gravitational
backgrounds. This gives a further justification of our analysis in [8] and [9].
In section 2, we first review the relation between covariant and holomorphic forms of the U(1)
current and the EM tensor in electric and gravitational backgrounds. For the case of EM tensor,
this relation can be obtained from the conservation equations for EM tensor ∇µT µν = FµνJµ and
the trace anomaly T µµ = cR/24π. Note that Tµν denotes the matter EM tensor and therefore it
is not conserved by itself in the electric background.
In section 3, we generalize them to HS currents. Here we construct higher-spin (W1+∞) cur-
rents from two-dimensional fermion fields in the electric and gravitational backgrounds. Since
we do not know either conservation equations or trace anomalies for HS currents at the be-
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ginning, we cannot start from these equations. Instead we will take the following procedure
to obtain the relations between covariant and holomorphic HS currents. The original fermion
field ψ transforms covariantly under gauge and local Lorentz transformations. We will construct
covariant HS currents by regularizing the fermion bilinears ∂nψ†(x)∂mψ(x) in the covariant way
under gauge and general coordinate transformations. On the other hand, we can define a new
fermion field Ψ which is holomorphic in the electric and gravitational backgrounds, and by using
it, we construct a holomorphic form of the HS currents. After defining these two types of HS
currents, we give relations between the covariant and holomorphic forms of HS currents.
In section 4, by using the relations between covariant and conformal HS currents in section
3, we obtain conservation equations and trace anomalies for the HS currents. This is the inverse
step compared to the derivations of the holomorphic U(1) current and EM tensor in section 2.
We show that the relations in section 3 and some assumptions for the currents are sufficient to
determine the explicit forms of trace anomalies for HS currents. For the classically traceless spin
3 current J
(3)
µνλ, it acquires the following quantum correction:
J (3)µµν =
~
12π
∇µFµν . (1.2)
This is considered as a spin-3 generalization of the trace anomaly for EM tensor. For the spin
4 current J
(4)
µνρσ , it is classically traceless but it acquires the quantum anomaly given by
J (4)µµνρ = − ~
160π
∇ν∇ρR+ ~gνρ
[
1
160π
∇2R+ 1
24π
(
F˜ 2 − 13
120
R2
)]
. (1.3)
A generalization to higher spins than 4 is also possible but the calculation becomes more com-
plicated.
In section 5, we consider a chiral theory where the central charges in the left and right handed
sectors are different. In this case, we can obtain a generalization of the gauge(or gravitational)
anomalies for higher-spin currents. We first review how we get the gravitational anomaly from
the relations obtained in section 3, and then generalize it to spin 3 and 4 currents. For the spin
3 current, the generalization of the gauge anomaly becomes
∇µJ (3)µνρ = · · · ±
~
96π
(
ǫνσ∇σ∇µFµρ + ǫρσ∇σ∇µFµν − gνρǫασ∇σ∇µFµα
)
. (1.4)
Here · · · represents classical violation of the conservation equation for matter currents in the
electric and gravitational background. +(−) corresponds to the right (left) handed fermion.
These results can be applied to derive the HS fluxes of Hawking radiation. The relations
between covariant and conformal HS currents obtained in section 3 provide another derivation
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of fluxes of HS currents in Hawking radiation. These relations are equivalent to solving the
conservation equations and trace anomaly equations for HS currents. Hence the derivation gives
a generalization of the Christensen and Fulling’s method [11], in which the conservation equation
of the EM tensor and the trace anomaly equation are solved with the regularity condition at
the horizon. On the other hand, as we see in section 5, these relations can be rewritten as a
generalization of the gauge anomaly. By applying these anomaly equations to black holes, it
gives a generalization of the anomaly method [4, 5] (see also appendix of [13] and [14]). These
two derivations also clarify some points which were obscure in the previous papers [8, 9]. We
will discuss these applications in a separate paper [15].
In appendix A, we summarize the relations between holomorphic and covariant HS currents
up to spin 4.
2 U(1) current and EM tensor
In this section, we review a derivation of the holomorphic U(1) and EM tensor in the background
of U(1) gauge and gravitational fields. These holomorphic quantities are obtained by solving
conservation equations together with the anomaly equations.
Throughout this paper we employ the conformal gauge ds2 = eϕdudv for the gravitational
background and the Lorenz gauge ∇µAµ = 0 for the gauge field background.
First we derive the holomorphic U(1) current. The U(1) current Jµ satisfies the conservation
equation
∇µJµ = 0, (2.1)
and the chiral anomaly for the chiral current J5µ is given by
∇µJ5µ = 1
2π
ǫµνFµν . (2.2)
Here the charge of the field is set e = 1. Fµν is the field strength of the background gauge field
and ǫµν is the covariant antisymmetric tensor, ǫuv = 2e−ϕ = guv . The chiral current is related
to the gauge current by J5µ = ǫµνJν . From eqs. (2.1) and (2.2), we find
∂v
(
Ju − 1
π
Au
)
= 0, ∂u
(
Jv − 1
π
Av
)
= 0, (2.3)
where the gauge conditions are used. Hence we define the (anti-)holomorphic U(1) currents as
follows:
j(u) ≡ Ju − 1
π
Au, j˜(v) ≡ Jv − 1
π
Av. (2.4)
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The holomorphic U(1) currents generate a combination of the holomorphic gauge transformation,
which is a combination of gauge and chiral transformations. Note that these currents are not
covariant under the U(1) gauge transformations.
Next we derive the holomorphic EM tensor. The conservation equation of the matter EM
tensor is given by
∇µT µν = FµνJµ. (2.5)
The r.h.s. represents dissipation of the energy in the matter sector to the background gauge
field. The trace anomaly of the EM tensor is given by
T µµ =
c
24π
R, (2.6)
where c is the central charge of the matter field and R is the Ricci scalar R = −4e−ϕ∂u∂vϕ.
From these equations, we obtain
∂v
(
Tuu − c
24π
(
∂2uϕ−
1
2
(∂uϕ)
2
)
− 1
π
A2u − 2Auj(u)
)
= 0. (2.7)
Thus we define the holomorphic energy-momentum tensor as
t(u) ≡ Tuu − c
24π
(
∂2uϕ−
1
2
(∂uϕ)
2
)
− 1
π
A2u − 2Auj(u). (2.8)
The anti-holomorphic one is defined similarly. These currents play a central role in conformal
field theories since they generate conformal transformations, which is a combination of the
general coordinate, Weyl and chiral transformations.
3 Holomorphic and covariant HS currents
In the previous section the relations between holomorphic and covariant quantities are obtained
in the cases of the U(1) current and energy-momentum tensor. In this section, we give a
generalization of such relations to higher-spin (HS) currents. We consider fermionic fields in the
gravitational and electric backgrounds, and construct holomorphic and covariant currents from
them. Then we investigate the relations between these currents.
3.1 Holomorphic HS currents
In order to construct the holomorphic higher-spin currents from fermionic fields, let us recall
some properties of the fermion in the two dimensions. The equation of motion for the right-
handed fermion with unit charge is given by(
∂v − iAv + 1
4
∂vϕ
)
ψ(u, v) = 0, (3.1)
4
in the gravitational and electric backgrounds (ϕ,Aµ). In the Lorentz gauge, the gauge field can
be written locally as
Au = ∂uη(u, v), Av = −∂vη(u, v), (3.2)
where η(u, v) is a scalar field. Since gravitational fields and gauge fields are not generally
holomorphic, ψ(u, v) is not holomorphic either. In order to construct holomorphic quantities
from the fermion field, we define a new field Ψ as
Ψ ≡ exp
(
1
4
ϕ(u, v) + iη(u, v)
)
ψ(u, v). (3.3)
Then the equation (3.1) becomes ∂vΨ = 0 and hence Ψ is holomorphic. Similarly we can define
Ψ† as
Ψ† ≡ exp
(
1
4
ϕ(u, v) − iη(u, v)
)
ψ†(u, v), (3.4)
so that Ψ† also becomes holomorphic.
Regularized holomorphic currents are constructed from these holomorphic fields. For exam-
ple, the holomorphic U(1) current can be defined as
j(u) =: Ψ†(u)Ψ(u) :≡ lim
ǫ→0
[
Ψ†
(
u+
ǫ
2
)
Ψ
(
u− ǫ
2
)
+
i
2πǫ
]
, (3.5)
where the point splitting regularization is used and Ψ has the following operator product ex-
pansion,
Ψ†(u)Ψ(w) ∼ − i
2π
1
u− w. (3.6)
Note that we have not attached a Wilson line phase in the regularization, since the gauge field is
not holomorphic and the Wilson line phase breaks the holomorphy. As a result, the holomorphic
U(1) current is not gauge invariant. We can also construct holomorphic currents : ∂nuΨ
†∂mu Ψ(u) :
in the same way.
In order to clarify the difference between the holomorphic current and the ordinary covariant
current, let us consider the covariant U(1) current Ju in the electric background. We here omit
the gravitational background for simplicity. Ju can be defined as
Ju ≡ lim
ǫ→0
[
ψ†(u+ ǫ/2, v)e
i
R u+ǫ/2
u−ǫ/2
Au(u′,v)du′ψ(u − ǫ/2, v) + i
2πǫ
]
. (3.7)
In contrast with the holomorphic U(1) current, we have attached the Wilson line phase in the
regularization, so this current is gauge invariant but not holomorphic. By using (3.3), (3.4)
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and the operator product expansion (3.6), the covariant U(1) current can be related to the
holomorphic U(1) current (3.5) as follows,
Ju = lim
ǫ→0
[
e
i
R u+ǫ/2
u−ǫ/2
Au(u′,v)du′+iη(u+ǫ/2,v)−iη(u−ǫ/2,v)
(
: Ψ†(u+ ǫ/2)Ψ(u − ǫ/2) : − i
2πǫ
)
+
i
2πǫ
]
= j(u) +
1
π
Au. (3.8)
This equation reproduces the equation (2.4) which was originally derived from the conservation
equation (2.1) and the chiral anomaly (2.2). Hence this evaluation of the covariant current is
equivalent to solving the conservation and anomaly equations. Similarly the relations between
the covariant and the holomorphic HS currents contain the full information of conservation
equations and anomalies for these HS currents. We will discuss it in the next section.
In the following subsections, we will consider a generalization of the relation (3.8) to the HS
currents. Instead of considering each HS currents separately, it turns out that it is useful to
introduce the following generating function of the holomorphic currents
Ghol(u+ a, u+ b) ≡
∞∑
m,n=0
ambn
m!n!
: ∂mu Ψ
†(u)∂nuΨ(u) :
= Ψ†(u+ a)Ψ(u+ b) +
i
2π(a− b) . (3.9)
This should be understood as a formal power series in terms of the parameters a and b around
the position u. This function is holomorphic but not gauge covariant. In the subsection 3.3, we
will construct a generating function for the covariant currents, and then give a relation between
these two functions.
We here comment on the transformation property of the fermion field Ψ under (holomor-
phic) gauge transformations. In the Lorentz gauge, there remains residual holomorphic gauge
symmetry,
ψ′(u, v) = eiΛ(u)ψ(u, v), η′(u, v) = η(u, v) + Λ(u). (3.10)
Under this transformation, Ψ(u) transforms as a field with twice the charge of ψ,
Ψ′(u) = e2iΛ(u)Ψ(u). (3.11)
This clarifies a point which we did not explain explicitly in [9], i.e., we there used this transfor-
mation property for the holomorphic field under the holomorphic transformation connecting a
suitable gauge at infinity and a suitable one near the horizon.
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3.2 Covariant HS currents
Now we will define the (u · · · u)-component of the covariant HS currents constructed from the
fermion ψ in the electric and gravitational backgrounds. Since these currents are covariant under
holomorphic general coordinate transformations, u → u˜ = f(u), it is convenient to define the
coordinate which is invariant under these transformations.
In the rest of this section, we consider v to be a fixed coordinate and treat the system as
a one-dimensional one with the coordinate u. Then, under the holomorphic general coordinate
transformations, we can define an “invariant coordinate” x which satisfies ∂x = e
−ϕ∂u and re-
gard u as a function of x, i.e. u = u(x). Since dx is invariant under the above holomorphic
transformations, the point splitting regularization is also invariant if it is defined in the x co-
ordinate, not in the u coordinate∗. u(x + ǫ) is now expanded as a formal power series of ǫ
as
u(x+ ǫ) = u(x) + ǫ∂xu(x) +
ǫ2
2
∂2xu(x) +
ǫ3
3!
∂3xu(x) + · · ·
= u(x) + ǫe−ϕ∂uu(x) +
ǫ2
2
(
e−ϕ∂u
)2
u(x) +
ǫ3
3!
(e−ϕ∂u)
3 + · · ·
= u+ ǫe−ϕ − ǫ
2
2
e−2ϕ∂uϕ− ǫ
3
6
e−3ϕ
(
∂2uϕ− 2(∂uϕ)2
)
+ · · · , (3.12)
where we used only the relation ∂x = e
−ϕ∂u. It is important that the last expression does not
explicitly depend on x. A field φ located at u(x+ ǫ) is defined as the following expansion,
φ(u(x+ ǫ)) = φ(u(x)) + ǫ∂xφ(u(x)) +
ǫ2
2
∂2xφ(u(x)) + · · ·
= φ(u) + ǫe−ϕ∂uφ(u) +
ǫ2
2
(
e−ϕ∂u
)2
φ(u) + · · · . (3.13)
Let’s first consider the relation between the holomorphic and covariant EM tensor in the
electric and gravitational backgrounds. As explained above, covariant regularization can be
defined in the x coordinate as follows,
Tuu ≡ e2ϕ(u,v) lim
ǫ→0
{
− i
2
e
i
R u(x+ǫ/2)
u(x−ǫ/2)
du′Au(u′,v)
[(
e−
5
4
ϕ(u(x+ǫ/2),v)∇uψ†(u(x+ ǫ/2), v)
) (
e−
1
4
ϕ(u(x−ǫ/2),v)ψ(u(x− ǫ/2), v)
)
−
(
e−
1
4
ϕ(u(x+ǫ/2),v)ψ†(u(x+ ǫ/2), v)
) (
e−
5
4
ϕ(u(x−ǫ/2),v)∇uψ(u(x− ǫ/2), v)
)]
− 1
2πǫ2
}
. (3.14)
∗ Since the coordinate x is formally introduced as a function of u, v should be kept fixed if a formula contains
x explicitly. A derivative with respect to v must be taken only after the x coordinate is removed.
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Here the Wilson line phase is introduced to guarantee the U(1) gauge invariance. The covariant
derivative is defined by
∇uψ(u(x+ ǫ/2)) =
(
∂u − 1
4
∂uϕ(u(x+ ǫ/2)) − iAu(u(x+ ǫ/2))
)
ψ(u(x+ ǫ/2)). (3.15)
Hence e−
5
4
ϕ∇uψ† and e− 14ϕψ† transform as scalars under holomorphic coordinate transforma-
tions. Therefore Tuu transforms as a weight 2 tensor.
This EM tensor can be rewritten in terms of the holomorphic fields by using eqs. (3.3) and
(3.4) as
Tuu = e
2ϕ(u,v) lim
ǫ→0
{
− i
2
e2i(η(u(x+ǫ/2))−η(u(x−ǫ/2)))[
e−
3
2
ϕ(u(x+ǫ/2),v)− 1
2
ϕ(u(x−ǫ/2),v)∇uΨ†(u(x+ ǫ/2), v)Ψ(u(x − ǫ/2), v)
−e− 12ϕ(u(x+ǫ/2),v)− 32ϕ(u(x−ǫ/2),v)Ψ†(u(x+ ǫ/2), v)∇uΨ(u(x− ǫ/2), v)
]
− 1
2πǫ2
}
, (3.16)
where the covariant derivative of Ψ is ∇uΨ =
(
∂u − 12∂uϕ− 2iAu
)
Ψ and the gauge field is
written by the scalar field η, eq. (3.2). By using the following operator product expansion
Ψ†(u(x+ ǫ/2))Ψ(u(x − ǫ/2)) + i
2π
1
u(x+ ǫ/2) − u(x− ǫ/2) =: Ψ
†(u)Ψ(u) :, (3.17)
we find
Tuu = − i
2
:
(
∂uΨ
†(u)Ψ(u)−Ψ†(u)∂uΨ(u)
)
: +2Au(u, v) : Ψ
†(u)Ψ(u) :
+
1
π
A2u(u, v) +
1
24π
(
∂2uϕ(u, v) −
1
2
(∂uϕ(u, v))
2
)
. (3.18)
This relation is equivalent to eq. (2.8) with the following identification of the holomorphic EM
tensor,
t(u) = − i
2
:
(
∂uΨ
†(u)Ψ(u)−Ψ†(u)∂uΨ(u)
)
: . (3.19)
Generalizing these definitions of the covariant currents, we define the covariant HS current
J
(n)
u···u as follows,
J
(n+1)
u···u = e
(n+1)ϕ(u,v) lim
ǫ→0
[
n∑
m=0
n!
2nm!(n −m)!e
i
R u(x+ǫ/2)
u(x−ǫ/2)
du′Au(u′,v)
×e−(n−m+1/4)ϕ(u(x+ǫ/2),v) (−i∇u)n−m ψ†(u(x+ ǫ/2), v)
×e−(m+1/4)ϕ(u(x−ǫ/2),v) (i∇u)m ψ(u(x − ǫ/2), v)
+
in+1n!
2πǫn+1
]
. (3.20)
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This current is symmetric with respect to ψ and ψ† and invariant under the U(1) gauge trans-
formations thanks to the Wilson line phase. The point splitting regularization is performed in
the x coordinate. Furthermore we have multiplied the conformal factors at u(x± ǫ/2) to make
the combinations to be scalars under holomorphic general coordinate transformations. There-
fore, because of the factor e(n+1)ϕ, this current transforms as a tensor with a weight (n + 1)
under holomorphic general coordinate transformations. By rewriting this quantity in terms of
the holomorphic fields and using the operator product expansion (3.17), we can take the limit
ǫ→ 0 and get a formula which no more contains the formally introduced x coordinate. Then a
relation between the covariant and the holomorphic HS currents is obtained. The holomorphic
HS currents are defined as†
j(n+1)(u) =
n∑
m=0
n!
2nm!(n−m)! : (−i∂u)
n−mΨ† (i∂u)
mΨ : . (3.21)
In these notations, we denote the U(1) currents and the EM tensors as Ju = J
(1)
u , Tuu =
J
(2)
uu , j(u) = j(1)(u) and t(u) = j(2)(u).
The explicit forms of the relations between the covariant and holomorphic currents with spin
3 and 4 will be given in section 4.
3.3 Generating functions of HS currents
Instead of studying each HS current separately, it is simpler and more systematic to consider
a generating function of the HS currents. We define the following generating function of the
covariant HS currents as a formal power series with respect to a parameter a,
Gcov(a) ≡
∞∑
n=0
(2ia)n
n!
e−(n+1)ϕ(u,v)J
(n+1)
u···u . (3.22)
In substituting the definition of J
(n+1)
u···u , we use the following relation,
e
i
R u(x+ǫ/2)
u0
du′Au(u′,v)e−(k+
1
4
)ϕ(u(x+ǫ/2))∇kuψ†(u(x+ ǫ/2))
=
(
e−ϕ(u(x+ǫ/2))
∂
∂u(x+ ǫ/2)
)k
e
i
R u(x+ǫ/2)
u0
du′Au(u′,v)e−(k+
1
4
)ϕ(u(x+ǫ/2))ψ†(u(x+ ǫ/2)),
(3.23)
†Our definitions of the HS currents are different from those of the W1+∞ algebra in [12]. Their HS currents
are given by combining our HS currents and the derivative of them.
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where u0 is a fixed value on the u coordinate. A similar calculation can be done for the term
including ψ. Then Gcov(a) can be represented as
Gcov(a) = lim
ǫ→0
[
∞∑
m=0
am
m!
(
e−ϕ(u(x+ǫ/2))
∂
∂u(x+ ǫ/2)
)m
eiη(u(x+ǫ/2))−(k+
1
4
)ϕ(u(x+ǫ/2))ψ†(u(x+ ǫ/2))
×
∞∑
n=0
(−a)n
n!
(
e−ϕ(u(x−ǫ/2))
∂
∂u(x− ǫ/2)
)n
e−iη(u(x−ǫ/2))−(k+
1
4
)ϕ(u(x−ǫ/2))ψ(u(x − ǫ/2))
+
i
4π(a+ ǫ/2)
]
= e−
1
4
(ϕ(u(x+a),v)+ϕ(u(x−a),v))e
i
R u(x+a)
u(x−a)
du′Au(u′,v)ψ†(u(x+ a), v)ψ(u(x − a), v)
+
i
4πa
. (3.24)
In the last expression we have naively taken the limit ǫ → 0 for notational simplicity, but the
precise meaning of Gcov(a) is given by the first expression. By similar procedures to those used
in the previous subsection, i.e. employing eqs. (3.3), (3.4) and (3.17), the generating function
can be described in terms of the holomorphic fields,
Gcov(a) = e
− 1
2
(ϕ(u(x+a),v)+ϕ(u(x−a),v))e2i(η(u(x+a),v)−η(u(x−a),v))
×
(
Ghol(u(x+ a), u(x− a))− i~
2π
1
u(x+ a)− u(x− a)
)
+
i~
4πa
, (3.25)
where the gauge field is represented by using η, eq.(3.2). In this expression, in order to distinguish
the quantum contributions from the classical ones, we recovered the Planck’s constant ~. By
expanding the relation with respect to the parameter a, we can obtain equations which relate the
covariant HS currents with a sum of the holomorphic currents in the electric and gravitational
background.
We can also define a generating function for the holomorphic HS currents j(n)(u),
Ghol(u+ α, u− α) =
∞∑
n=0
(2iα)n
n!
j(n+1)(u) (3.26)
By using eqs.(3.3) and (3.4), Ghol(α) can be written in terms of ψ and ψ
† as
Ghol(u+ α, u− α) = e
1
2
(ϕ(u+α)+ϕ(u−α))−2i(η(u+α)−η(u−α))
×
[
e−
1
4
(ϕ(u+α)+ϕ(u−α))+i(η(u+α)−η(u−α))ψ†(u+ α, v)ψ(u − α, v)
+
i~
2π
1
x(u+ α)− x(u− α)
]
− i~
2π
e
1
2
(ϕ(u+α)+ϕ(u−α))−2i(η(u+α)−η(u−α))
x(u+ α)− x(u− α)
+
i~
4πα
. (3.27)
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The first term in (3.27) can be described in terms of the covariant HS currents and their deriva-
tives. By expanding (3.27) with respect to the parameter α, the equations relating the holomor-
phic HS currents with a sum of the covariant ones can be derived. The obtained relations are
summarized in the appendix A.
In the next section, we investigate the relations for spin 3 and 4 currents, and discuss the
conservation equations, trace anomalies and generalizations of gauge (or gravitational) anoma-
lies.
4 Trace anomalies for HS currents
In section 2, we derived the relation between Tuu and t(u) from the conservation equation (2.5)
and the anomaly equation (2.6). In this section, we take an inverse step for the HS currents. We
first provide relations between the holomorphic and covariant HS currents from equation (3.25),
and then, by using these relations, evaluate their conservation equations and trace anomalies.
In order to fix the definitions of the currents, we impose the following assumptions about the
currents:
1. Anomalies appear in the trace parts of the currents only.
2. The covariant currents are classically traceless.
3. The covariant currents are totally symmetric.
Under these assumptions, we will obtain the conservation equations and trace anomalies for the
spin 3 and 4 currents. The derivation can be straightforwardly applied to general HS currents,
though calculations become more complicated.
We use the following notations of the currents in this section. J
(1)
µ denotes the covariant
U(1) current Jµ, J
(2)
µν denotes the covariant energy-momentum tensor Tµν and J
(n)
µ1...µn does the
spin n covariant current.
4.1 Trace anomaly for spin 3 current
We here consider the spin 3 current. From eq.(3.20), the covariant spin 3 current is given by
J (3)uuu = −
1
4
e3ϕ lim
ǫ→0
e
i
R u(x+ǫ/2)
u(x−ǫ/2)
du′Au(u′,v)
×
[
e−
9
4
ϕ(u(x+ǫ/2),v)− 1
4
ϕ(u(x−ǫ/2),v)∇2uψ†(u(x+ ǫ/2), v)ψ(u(x − ǫ/2), v)
−2e− 54ϕ(u(x+ǫ/2),v)− 54ϕ(u(x−ǫ/2),v)∇uψ†(u(x+ ǫ/2), v)∇uψ(u(x − ǫ/2), v)
+e−
1
4
ϕ(u(x+ǫ/2),v)− 9
4
ϕ(u(x−ǫ/2),v)ψ†(u(x+ ǫ/2), v)∇2uψ(u(x − ǫ/2), v)
]
. (4.1)
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The corresponding holomorphic spin 3 current is
j(3)(u) ≡ −1
4
(
: Ψ†∂2uΨ− 2∂uΨ†∂uΨ+ ∂2uΨ†Ψ :
)
. (4.2)
The following relation between these currents can be derived by expanding Gcov(a) (3.25) and
taking the a2 terms as
J (3)uuu =j
(3)(u) + 4Auj
(2)(u) +
(
1
4
(
∂2uϕ− (∂uϕ)2
)
+ 4A2u
)
j(1)(u) +
1
4
∂uϕ∂uj
(1)(u)
+
~
4π
(
Au
(
∂2uϕ− (∂uϕ)2
)
+ ∂uϕ∂uAu − 1
3
∂2uAu +
16
3
A3u
)
. (4.3)
From this equation, we derive the conservation equation and anomaly equation for the covariant
spin 3 current. First let us consider the uu component of the conservation equations ∇µJ (3)µuu.
By taking the derivative of eq. (4.3) with respect to v, we find
∇vJ (3)uuu = −2FuvJ (2)uu −
1
8
∇u
(
guvRJ
(1)
u
)
+
~
24π
∇2uFuv. (4.4)
Here we have used the equations in appendix A to describe the holomorphic currents in terms of
the covariant currents. Since, as mentioned above, we assume that anomalies arise only in the
trace part of the currents, we regard the last term in eq. (4.4), which is a quantum contribution,
as the covariant derivative of the trace anomaly,
∇uJ (3)vuu = −
~
24π
∇2uFuv. (4.5)
Thus the uu component of the conservation equation becomes
∇µJ (3)µuu = −2guvFuvJ (2)uu −
1
8
∇u
(
RJ (1)u
)
. (4.6)
Here we have multiplied (4.4) and (4.5) by guv . From this equation we may naively guess the
general components of the conservation equation as follows,
∇µJ (3)µνρ = −FνµJ (2)µρ − FρµJ (2)µν − 1
16
∇ν
(
RJ (1)ρ
)
− 1
16
∇ρ
(
RJ (1)ν
)
, (4.7)
where the indices ν, ρ are symmetrized. But this is not traceless at the classical level, which
contradicts with the second assumption. Note that terms proportional to gνρ can be added to
the conservation law without affecting eq. (4.6). Thus by using this freedom, we can make the
r.h.s. of the conservation equation traceless with respect to ν and ρ,
∇µJ (3)µνρ = −FνµJ (2)µρ − FρµJ (2)µν − 1
16
∇ν
(
RJ (1)ρ
)
− 1
16
∇ρ
(
RJ (1)ν
)
+
1
16
gνρ∇µ
(
RJ (1)µ
)
.
(4.8)
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This satisfies the three conditions we require.
Next the trace anomaly J
(3)
vuu can be read from equation (4.5),
J (3)vuu = −
~
24π
∇uFuv. (4.9)
This can be covariantized as
J (3)µµν =
~
12π
∇µFµν . (4.10)
In order to check the consistency with the conservation law (4.8), we calculate J
(3)
uvv . Since J
(3)
uvv
is given by
J (3)uvv = −
~
24π
∇vFvu, (4.11)
we can show ∇µJ (3)µuv = 0 by using the identity in two dimensions, [∇µ,∇ν ]Fρσ = 0. Hence
(4.10) is consistent with (4.8).
The conservation equation (4.8) implies that the theory can possess symmetry associated
with the spin 3 current if the corresponding spin 3 gauge field is included in it. Let us consider
an action containing linear couplings of the HS currents to general higher-spin gauge fields
B
(n)
µ1···µn ,
S[A, g,B(n)] =
∫
d2x
√−g
(
L0 +
∞∑
n=3
1
n!
B
(n)
µ1···µnJ
(n)µ1···µn
)
, (4.12)
where L0 is the Lagrangian for the free fermion in the electric and gravitational backgrounds,
Aµ and gµν , respectively. We also introduce the following effective action for these gauge fields,
eiΓ[A,g,B
(n)] =
∫
Dψ¯Dψ eiS[A,g,B(n)]. (4.13)
The expectation values of the HS currents in these backgrounds are given by
〈J (1)µ 〉 = 〈Jµ〉 =
1√−g
δ
δAµ
Γ[A, g,B(n)],
〈J (2)µν 〉 = 〈Tµν〉 =
2√−g
δ
δgµν
Γ[A, g,B(n)],
〈J (n)µ1···µn〉 =
1√−g
δ
δB
(n)µ1···µ
n
Γ[A, g,B(n)], (n ≥ 3). (4.14)
Then the conservation equation (4.8) indicates that the effective action is invariant under the
following infinitesimal transformations of the background fields,
δξB
(3)µνρ =
1
3
(∇µξνρ +∇νξρµ +∇ρξµν) (4.15)
δξg
µν = −2ξµσFσν − 2ξνσFσµ, (4.16)
δξA
µ =
1
8
R∇νξνµ, (4.17)
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where ξµν is a symmetric traceless parameter.
This transformation law is valid only for the weak B(3) field limit, i.e. we have assumed
that the rank 3 gauge field B(3) was originally absent. Since the OPE between spin 3 currents
generate higher-spin currents, they no longer form a closed algebra, contrary to the spin 1 or
spin 2 currents. Hence higher-spin gauge symmetries larger than 2 and their backgrounds must
be considered as W∞ gauge symmetry and gauge fields as a whole. This is beyond the scope of
the present paper.
4.2 Trace anomaly for spin 4 current
The covariant spin 4 current is given from eq. (3.20) by
J (4)uuu =
i
8
e4ϕ lim
ǫ→0
e
i
R u(x+ǫ/2)
u(x−ǫ/2)
du′Au(u′,v)
×
[
e−
13
4
ϕ(u(x+ǫ/2),v)− 1
4
ϕ(u(x−ǫ/2),v)∇3uψ†(u(x+ ǫ/2), v)ψ(u(x − ǫ/2), v)
−3e− 94ϕ(u(x+ǫ/2),v)− 54ϕ(u(x−ǫ/2),v)∇2uψ†(u(x+ ǫ/2), v)∇uψ(u(x − ǫ/2), v)
+3e−
5
4
ϕ(u(x+ǫ/2),v)− 9
4
ϕ(u(x−ǫ/2),v)∇uψ†(u(x+ ǫ/2), v)∇2uψ(u(x − ǫ/2), v)
−e− 14ϕ(u(x+ǫ/2),v)− 134 ϕ(u(x−ǫ/2),v)ψ†(u(x+ ǫ/2), v)∇3uψ(u(x− ǫ/2), v)
]
, (4.18)
and the corresponding holomorphic current is
j(4)(u) =
i
8
: ∂3uΨ
†Ψ− 3∂2uΨ†∂uΨ+ 3∂uΨ†∂2uΨ−Ψ†∂3uΨ : . (4.19)
The relation between these two currents are obtained from a3 terms of the equation (3.25) as
J (4)uuuu =j
(4)(u) + 6Auj
(3)(u) +
3
4
∂uϕ∂uj
(2)(u) +
[
1
4
(4∂2uϕ− 5(∂uϕ)2) + 12A2u
]
j(2)(u)
+
3
2
Au∂uϕ∂uj
(1)(u) +
[
2Au
(
∂2uϕ−
5
4
(∂uϕ)
2
)
+
3
2
∂uAu∂uϕ− 1
2
∂2uAu + 8A
3
u
]
j(1)(u)
− ~
2π
Au(∂u − 2∂uϕ)(∂u − ∂uϕ)Au + ~
2π
A2u
(
∂2uϕ−
1
2
(∂uϕ)
2
)
+
2~
π
A4u
− ~
160π
(∂u − 3∂uϕ)(∂u − 2∂uϕ)
(
∂2uϕ−
1
2
(∂uϕ)
2
)
+
7~
480π
(
∂2uϕ−
1
2
(∂uϕ)
2
)2
.
(4.20)
First we derive the uuu component of the conservation equation from this equation by taking
the derivative of (4.20) with respect to v and multiplying guv ,
∇uJ (4)uuuu =3guvFvuJ (3)uuu −
3
8
R∇uJ (2)uu −
1
2
J (2)uu∇uR−
1
4
guvJ (1)u ∇2uFvu +
~
320π
∇3uR. (4.21)
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As in the case of the spin 3 current, we regard the last term as the contribution of the trace
anomaly because it is proportional to ~ and quantum. From the assumptions 1 and 2, J
(4)
vuuu is
given by
J (4)vuuu = −
~
320π
guv∇2uR. (4.22)
From (4.21), we guess the covariant conservation equation as
∇µJ (4)µνρσ =FµνJ (3)µρσ + FµρJ (3)µσν + FµσJ (3)µνρ −
1
8
R
(
∇νJ (2)ρσ +∇ρJ (2)σν +∇σJ (2)νρ
)
− 1
6
(
J (2)νρ ∇σR+ J (2)ρσ ∇νR+ J (2)σν ∇ρR
)
− 1
24
(
J (1)ν ∇ρ∇µFµσ + J (1)ρ ∇σ∇µFµν + J (1)σ ∇ν∇µFµρ
+ J (1)ρ ∇ν∇µFµσ + J (1)ν ∇σ∇µFµρ + J (1)σ ∇ρ∇µFµν
)
. (4.23)
Next we add appropriate terms proportional to gµν so that this conservation equation becomes
classically traceless. In general, one can construct a rank 3 traceless symmetric tensor from any
rank 3 symmetric tensor Bνρσ by subtracting the trace part (gνρB
µ
µσ + gσρB
µ
µν + gσνB
µ
µρ)/4.
We define Cν as the trace of (4.23),
Cν ≡ gρσ∇µJ (4)µνρσ
= FµνJ
(3)µρ
ρ − 1
8
R∇νJ (2)ρρ − 1
4
R∇ρJ (2)ρν − 1
3
J (2)ρν∇ρR− 1
6
J (2)ρρ∇νR
− 1
12
(
J (1)ρ∇ρ∇µFµν + J (1)ρ ∇ν∇µFµρ
)
. (4.24)
Note that Cν includes the traces of the covariant spin 2 and 3 currents which vanish classically
but not at the quantum level due to the trace anomalies. According to our assumption 1, we
treat such anomalous quantities as contributions of the trace anomaly. Therefore we define C˜ν
as Cν without the anomalous terms,
C˜ν ≡− 1
4
R∇ρJ (2)ρν − 1
3
J (2)ρν∇ρR− 1
12
(
J (1)ρ∇ρ∇µFµν + J (1)ρ ∇ν∇µFµρ
)
, (4.25)
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and construct a new conservation equation, which are classically traceless,
∇µJ (4)µνρσ = FµνJ (3)µρσ + FµρJ (3)µσν + FµσJ (3)µνρ −
1
8
R
(
∇νJ (2)ρσ +∇ρJ (2)σν +∇σJ (2)νρ
)
−1
6
(
J (2)νρ ∇σR+ J (2)ρσ ∇νR+ J (2)σν ∇ρR
)
− 1
24
(
J (1)ν ∇ρ∇µFµσ + J (1)ρ ∇σ∇µFµν + J (1)σ ∇ν∇µFµρ
+J (1)ρ ∇ν∇µFµσ + J (1)ν ∇σ∇µFµρ + J (1)σ ∇ρ∇µFµν
)
−1
4
(
gνρC˜σ + gρσC˜ν + gσνC˜ρ
)
. (4.26)
Next the uu component of the trace anomaly can be read from (4.22),
J (4)µµuu = − ~
160π
∇2uR. (4.27)
Then general components of the trace anomaly have the following form,
J (4)µµνρ = − ~
160π
∇ν∇ρR+ gνρA, (4.28)
where A is not fixed from (4.27) only. We can determine A by imposing consistency of (4.28)
with (4.26). The trace of (4.26) becomes
∇µJ (4)µρρν =FµνJ (3)µρρ − 1
8
R∇νJ (2)ρρ − 1
6
J (2)ρρ∇νR
=
~
24π
∇ρ
(
F˜ 2 − 7
48
R2
)
, (4.29)
where F˜ ≡ ǫµνFµν/2 = guvFuv . On the other hand, the divergence of the (4.28) is
∇µJ (4)µρρν =− ~
160π
(
∇ρ∇2R+ 1
4
∇ρR2
)
+∇ρA. (4.30)
By comparing these two equations, A is determined as
A =
~
160π
∇2R+ ~
24π
(
F˜ 2 − 13
120
R2
)
. (4.31)
As a result, we obtain the trace anomaly of the spin 4 current,
J (4)µµνρ = − ~
160π
∇ν∇ρR+ gνρ
[
~
160π
∇2R+ ~
24π
(
F˜ 2 − 13
120
R2
)]
. (4.32)
As in the case of the rank 3 current, we can evaluate the transformation of the background
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fields from the conservation equation (4.26),
δξB
(4)µνρσ =
1
4
(∇µξνρσ +∇νξρσµ +∇ρξσµν +∇σξµνρ) (4.33)
δξB
(3)µνρ = −3ξµνσFσρ − 3ξνρσFσµ − 3ξρµσFσν , (4.34)
δξg
µν =
3
4
∇ρ (ξρµνR)− ξµνρ∇ρR− 3
16
∇µ (Rξρρν)− 3
16
∇ν (Rξρρµ)
+
1
4
ξρ
ρµ∇νR+ 1
4
ξρ
ρν∇µR (4.35)
δξA
µ = −1
4
ξµρσ∇ρ∇νF νσ + 1
16
ξρ
ρσ [∇µ∇νF νσ +∇σ∇νF νµ] , (4.36)
where ξµνρ denotes a symmetric traceless parameter.
5 Higher-spin gauge anomalies
In the previous section, we have obtained the conservation equations and trace anomalies in
the HS currents by considering non-chiral theories; i.e. the anomaly coefficients are the same
between the holomorphic and anti-holomorphic sectors.
In this section, we consider a chiral fermionic theory where we have cL left-handed fermions
and cR(6= cL) right-handed fermions. In this case, the conservation equation becomes anomalous.
This is a generalization of the gauge or gravitational anomalies to the HS currents. If these HS
currents are coupled to HS gauge fields, these violation of conservation equations lead to quantum
violation of HS local symmetries.
We here remark that, in the presence of cR right-handed and cL left-handed fermions, the
coefficients of the anomalous terms in the (u · · · u) sector are multiplied by cR, and those in
(v · · · v) sector by cL.
In the following of this section, we will derive the anomalous conservation equations for the
currents up to rank 4.
5.1 U(1) gauge and gravitational anomalies
In this subsection, we reproduce the gauge and gravitational anomalies from the relations be-
tween the (anti-) holomorphic and covariant U(1) and spin 2 currents.
First we consider the U(1) current. The relations in the present case with cL 6= cR become
Ju = j(u) +
cR~
π
Au, Jv = j˜(v) +
cL~
π
Av. (5.1)
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By taking derivatives of these equations, we obtain
∇vJu +∇uJv = (cR − cL)
2
~
π
Fvu, (5.2)
∇vJu −∇uJv = (cR + cL)
2
~
π
Fvu, (5.3)
where we have used the Lorenz gauge condition ∂uAv = −∂vAu. They can be written in the
covariant forms as
∇µJµ = −(cR − cL)
2
~
2π
ǫµνFµν , (5.4)
∇µJ5µ = (cR + cL)
2
~
2π
ǫµνFµν . (5.5)
Thus, if cL 6= cR, the gauge symmetry is broken by the anomaly.
Next we consider the energy-momentum tensor. Now the relation (2.8) is modified as
t(u) = Tuu − 2Auj(u) − cR~
π
A2u −
cR~
24π
(
∂2uϕ−
1
2
(∂uϕ)
2
)
. (5.6)
We can also obtain a similar equation for the right-handed fermion. By taking derivatives of
them, we obtain
∇uTuu =FvugvuJu − cR~
48π
∂uR
=Fvug
vuJu − ~
48π
(
cR − cL
2
+
cL + cR
2
)
∂uR (5.7)
∇vTvv =FuvguvJv − ~
48π
(
−cR − cL
2
+
cL + cR
2
)
∂vR (5.8)
In the case of the non-chiral theory (cL = cR), we can regard the anomalous terms as the
contribution of the trace anomaly. However, in the case cL 6= cR, the terms proportional to
(cL − cR) cannot be regarded as the contribution of the trace anomaly. As a result, we obtain
the following anomalous conservation equation and trace anomaly equation:
∇µTµν =FµνJµ − ~
48π
cR − cL
2
ǫµν∇µR, (5.9)
T µµ =
~
24π
cL + cR
2
R. (5.10)
The first equation reproduces the gravitational anomaly for the covariant EM tensor.
5.2 Spin 3 and 4 gauge anomalies
We have shown that our method reproduces the correct anomaly equations for the rank 1 and
2 currents in the chiral theory. We further consider a generalization to higher-spin currents.
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First we study the rank 3 current. The equation (4.4) now becomes
∇vJ (3)uuu = −2FuvJ (2)uu −
1
8
∇u
(
guvRJ
(1)
u
)
+
~
24π
(
cR − cL
2
+
cL + cR
2
)
∇2uFuv. (5.11)
We also obtain a similar equation for J
(3)
vvv . As in the case of the energy-momentum tensor, we
cannot regard the anomalous term proportional to (cR − cL) as the contribution of the trace
anomaly.
Equations consistent with (5.11) can be given as follows:
∇µJ (3)µνρ =− FνµJ (2)µρ − FρµJ (2)µν − 1
16
∇ν
(
RJ (1)ρ
)
− 1
16
∇ρ
(
RJ (1)ν
)
+
1
16
gνρ∇µ
(
RJ (1)µ
)
+
~
48π
cR − cL
2
(ǫνσ∇σ∇µFµρ + ǫρσ∇σ∇µFµν − gνρǫασ∇σ∇µFµα) , (5.12)
J (3)µµν =
~
12π
cL + cR
2
∇µFµν . (5.13)
This is the spin 3 generalization of the gauge or gravitational anomaly. Note that, the conser-
vation equation has been modified, but the transformation properties of the background gauge
fields (4.15) - (4.17) are not changed, since they are classical properties.
We can similarly obtain a generalization to the rank 4 current;
∇µJ (4)µνρσ =FµνJ (3)µρσ + FµρJ (3)µσν + FµσJ (3)µνρ −
1
8
R
(
∇νJ (2)ρσ +∇ρJ (2)σν +∇σJ (2)νρ
)
− 1
6
(
J (2)νρ ∇σR+ J (2)ρσ ∇νR+ J (2)σν ∇ρR
)
− 1
24
(
J (1)ν ∇ρ∇µFµσ + J (1)ρ ∇σ∇µFµν + J (1)σ ∇ν∇µFµρ
+ J (1)ρ ∇ν∇µFµσ + J (1)ν ∇σ∇µFµρ + J (1)σ ∇ρ∇µFµν
)
− ~
960π
cR − cL
2
(
ǫνα∇α∇ρ∇σR+ ǫρα∇α∇σ∇νR+ ǫσα∇α∇ν∇ρR
)
− 1
4
(
gνρCˆσ + gρσCˆν + gσνCˆρ
)
, (5.14)
J (4)µµνρ = − ~
160π
cL + cR
2
∇ν∇ρR+ gνρ cL + cR
2
[
~
160π
∇2R+ ~
24π
(
F˜ 2 − 13
120
R2
)]
. (5.15)
Here we have modified C˜ν to Cˆν including the anomalous terms as follows,
Cˆν ≡− 1
4
R∇ρJ (2)ρν − 1
3
J (2)ρν∇ρR− 1
12
(
J (1)ρ∇ρ∇µFµν + J (1)ρ ∇ν∇µFµρ
)
− ~
960π
cR − cL
2
(ǫνα∇α∇ρ∇ρR+ 2ǫρα∇α∇ρ∇νR) . (5.16)
This is the spin 4 generalization of the gauge and gravitational anomalies. The r.h.s. of (5.14)
contains both of classical and quantum parts. The classical parts arises due to the same reason
as in the non-chiral case in section 4. The quantum parts are the anomalies.
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6 Summary
In this paper, we considered a two-dimensional theory of fermions in the electric and gravitational
backgrounds and obtained a generalization of the gauge, gravitational and trace anomalies for
higher-spin (HS) currents up to spin 4. In order to derive these anomalies, we started from the
relation between holomorphic and covariant forms of HS currents in the electric and gravitational
backgrounds.
These anomaly equations can be applied to derive the higher-spin fluxes of Hawking radia-
tion. This will be discussed in a separate paper [15].
In the cases of spins 1 and 2, the forms of anomalies can be determined by the descent
equations and they have nice geometrical meanings. It will be interesting to investigate higher-
spin anomalies than 4, and examine whether there are any systematic structures in the form of
anomalies.
Finally we notice that the anomalies we obtained are specific to HS currents constructed
from fermions. If they are constructed from bosons, their anomalies have different combinations
with different coefficients.
A Holomorphic and covariant currents up to spin 4
In section 3, we represented the covariant currents in terms of the holomorphic currents as in
(4.3). However, when we calculate the conservation equation, it is more convenient to describe
the holomorphic currents in terms of the covariant currents and thus we give their explicit
expressions by expanding the generating function (3.27).
spin 1 current
j(1)(u) =: Ψ†Ψ := J (1)u −
1
π
Au (A.1)
spin 2 current
j(2)(u) =
i
2
: Ψ†∂uΨ− ∂uΨ†Ψ := J (2)uu − 2AuJ (1)u +
1
π
A2u −
1
24π
(
∂2uϕ−
1
2
(∂uϕ)
2
)
(A.2)
spin 3 current
j(3)(u) =− 1
4
: Ψ†∂2uΨ− 2∂uΨ†∂uΨ+ ∂2uΨ†Ψ :
=J (3)uuu − 4AuJ (2)uu −
1
4
∂uϕ∂uJ
(1)
u −
(
−4A2u +
1
4
(
∂2uϕ− (∂uϕ)2
))
J (1)u
+
1
6π
(
∂2uϕ−
1
2
(∂uϕ)
2
)
Au +
1
12π
∂2uAu −
4
3π
A3u (A.3)
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spin 4 current
j(4)(u) =
i
8
: ∂3uΨ
†Ψ− 3∂2uΨ†∂uΨ+ 3∂uΨ†∂2uΨ−Ψ†∂3uΨ :
=J (4)uuuu − 6AuJ (3)uuu −
3
4
∂uϕ∂uJ
(2)
uu −
[
∂2uϕ−
5
2
(∂uϕ)
2 − 12A2u
]
J (2)uu
+
3
2
Au∂uϕ∂uJ
(1)
u −
[
−3
2
Au
(
∂2uϕ− (∂uϕ)2
)− 1
2
∂2uAu + 8A
3
u
]
J (1)u
− 1
2π
Au
[
∂2uAu +
(
∂2uϕ−
1
2
(∂uϕ)
2
)
Au − 4A3u
]
+
1
160π
(
∂4uϕ− ∂uϕ∂3uϕ+
4
3
(∂2uϕ)
2 − 7
3
(∂uϕ)
2∂2uϕ+
7
12
(∂uϕ)
4
)
. (A.4)
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